Neurofibromatosis type 2 (NF-2) is associated with mainly three types of recurrent benign tumors restricted to the central nervous system: schwannoma, meningioma and ependymoma. The absence of the protein NF2/Merlin causes an uninterrupted cell proliferation cascade originating from an abnormal interaction between an extracellular mucopolysaccharide, hyaluronan (HA), and schwann cell surface CD44 receptor, which has been identified as one of the central causative factors for schwannoma. Most tumors in NF-2 have a predilection to originate from either arachnoid cap cells or schwann cells of the cisternal portion of nerve rootlets that share a continuous exposure to cerebrospinal fluid (CSF). We hypothesize that the CSF HA may play a role in tumorigenesis in NF-2. In a prospective analysis over a period of one year, the levels of medium to low molecular weight HA (LMW HA) was estimated in the CSF of three subjects with central schwannomas and compared against that of age-sex matched controls, using Cetyltrimethylammonium bromide coupled turbidimetric assay and found to be seventeen-fold higher in the schwannoma subjects compared to the controls. HA was observed to be actively secreted by cultured schwannoma cells isolated from tumor tissues commensurate with their proliferation rate. On cell viability index analysis to compare the cell proliferation of astrocytoma cells with LMW HA vs. oligomeric HA (OHA), we found a decrease in cell proliferation of up to 30% with OHA. The study provides initial evidence that CSF HA may have a central role in the tumorigenesis of schwannoma in NF-2.
Introduction
Type 2 Neurofibromatosis (NF-2) is an inherited tumor syndrome of central nervous system (CNS), predisposed by germline mutations of the gene NF2 [1] . NF-2 is notorious for the occurrence of multiple benign tumors in the brain and spinal cord leading to progressive disability and poor quality of life [2] . The worldwide incidence of the disease is estimated to be 1 in 25,000-50,000 depending on the geographical region and ethnicity [3, 4] . However, it has not been completely studied within the Indian population. The tumors seen in NF-2 are restricted to schwann cells of cranial and spinal nerves, arachnoid cap cells and ependymal cells giving rise to schwannoma, meningioma and ependymoma respectively; no tumors were found to occur in parenchyma of brain or spinal cord. A high incidence of somatic biallelic mutations of NF2 gene is described in the sporadic forms of these tumors as well [4, 5] .
The exact mechanism of tumorigenesis and progression in NF-2 remains largely unknown. The current knowledge on the tumor suppressive effect of the NF2 gene product, NF2/Merlin, is based on its role in maintaining the stability of cell adherence junctions and regulating contact-dependent cell growth and proliferation in multicellular organisms [6, 7] . Merlin belongs to a superfamily of proteins called FERM proteins having a common N-terminal domain. Under normal conditions, intracellular Merlin and other FERM proteins in adult schwann cells regulate a proliferation signal cascade initiated by a transmembrane receptor known as CD44. Merlin switches other ERM proteins' binding to CD44 [8, 9] and controls the cell proliferation of schwann cells [10] [11] [12] . CD44 is a multi-subunit cell surface receptor for the extracellular matrix (ECM) mucopolysaccharide hyaluronan (HA) [13, 14] . The absence of functional NF2/Merlin protein has a significant role in pathogenesis of benign tumors of schwann cells [15] .
The ECM HA binding to CD44 is identified as a primary mechanism in initiating the tumorigenic microenvironment in many other tumors as well [16, 17] . HA is an extracellular mucopolysaccharide synthesized and secreted by normal cells during embryogenesis, tissue remodeling, and repair [14] . Prior to mitosis, HA promotes detachment and imparts mobility to the newly formed cells [18] . While HA around most normal cells degrades, cancer cells retain HA thanks to the action of secreted hyaluronidase (HYAL) enzyme. During the last seventy years, several studies conducted on the tumorigenic role of HA [19] have shown the involvement of HA in invasive and malignant tumors such as CNS gliomas [20] , hematologic and other cancers [16] and less association with benign tumors. HA was also suggested as one of the providers of a non-genetic microenvironmental cue for initiation, persistence and progression of cancer [21] . The proliferative role of CD44 has been extensively studied with several targeted chemotherapeutic agents [17] . Abnormal ECM HA-CD44 interaction transcribed to intracellular proliferation pathways, that activate Rac1 and Ras pathway [22] , anti-apoptotic pathways such as P13K, MAPK and GTPase signaling streams [13, 23, 24] , have not shown to be directly associated with Merlin.
From a clinico-pathologic point of view, a common factor in the multiple benign tumor types of NF-2 is that the Schwann, ependymal and arachnoid cap cells are in constant contact with the cerebrospinal fluid (CSF). Since Merlin is involved in the regulation of HA-CD44 induced proliferative function, we hypothesize that an abnormal interaction of CSF HA and CD44 in these cells could trigger an induction or recurrence of cell proliferation and tumorigenesis in NF-2.
Materials & Methods

Subjects
Schwannoma tumor tissues and CSF samples were obtained from three syndromic NF-2 cases. Evaluation and approval by the Institutional Ethics Committee were obtained prior to the study. The subjects were on regular clinical follow-up through the Amrita Phakomatoses Clinic at Amrita Institute of Medical Sciences. Tissues were obtained during an elective debulking spinal or intracranial surgery as clinically indicated. These three cases were known to have bilateral vestibular and extensive spinal schwannomas and have a well-documented family history (see Table 1 ). CSF was specifically collected at the time of dural opening/cisternal dissection prior to tumor surgery. The control CSF was obtained from age-and sexmatched normal healthy individuals who underwent surgery for unrelated cause and CSF was obtained as part of routine spinal anesthesia. Detailed written informed consent was obtained prior to the surgery from both cases and control subjects. 
Materials
Quantification of HA
HA is a linear unbranched acid mucopolysaccharide consisting of alternating N-acetyl-D-glucosamine and Dglucuronic acid. To estimate HA, we used a previously described turbidimetric assay method [25] with modifications to suit culture broths [26] . The assay is based on the extent of turbidity formed by HA when incubated with CTAB, a cation surface active agent [27] . Briefly, in each well of a 96-well assay plate, 100 μl CTAB was added to 200 μl HA containing standards or solutions prepared in 0.2 M NaCl. The plate was kept for equilibration for 20 min at room temperature. The turbidity was measured as absorbance at 405 nm in a spectrophotometer (Biotek®). The standards were made of different molecular weights of HA and assayed in triplicates. The sterile CSF samples collected intraoperatively from patients (cisternal or lumbar puncture) were transported to the laboratory in wet ice, where they were stored at −20°C until assayed.
Cell Culture
Human schwannoma cells were obtained from schwannoma tumor tissue of NF-2 subjects during an elective debulking surgery. The tissue was stored in sterile ice-cold PBS and transported to the tissue culture lab. The preparation of the tissue and primary schwannoma cell culture was done as described previously [15, 28] with minor modifications. Upon arrival in the tissue culture laboratory, the tissue was rinsed with Hanks Balanced Salt Solution and minced into small pieces of less than 1 mm 3 using a sterile surgical blade in a glass petri dish under aseptic conditions. The tissue was disaggregated into single cells by incubating with DMEM containing 0.05% collagenase III, L-glutamine, 20% FBS, 100 U/ml penicillin-streptomycin and 4 mg/L human recombinant insulin at 37°C for 30 min. The cells were pelleted by spinning the tissue preparation at 200 x g for 5 min, resuspended in the above media without collagenase III, seeded evenly in a 25 cm 2 flask (BD Biosciences), which was previously coated with poly-D-lysine and washed. The cells were incubated at 37°C in a sterile humidified chamber containing 5% CO 2 /O 2 . The schwannoma cells were cultured for 6 weeks with multiple changes of media. Media was replaced when its color changed. Cell-free media was also incubated as control during the period to rule out microbial contamination. Further culturing for >6 weeks showed morphological signs of senescence. The culture broth was taken every two weeks to estimate the level of HA using CTAB turbidimetric assay (CTA) method as described above. C6 rat astrocytoma cells were used previously to study the effect of HA on cell proliferation [29] . We initiated and maintained a monolayer culture of C6 astrocytoma cells in 25 cm 2 culture flasks containing DMEM, 2% FBS in a sterile humidified incubator containing 5% CO 2 / O 2 . Each passage would last for typically 72 h, attaining complete confluence and sub-cultured. After each passage, we estimated the HA levels in the cell culture broth to ascertain the levels of HA secreted.
Cell Viability Assay
To study the effect of OHA on cell proliferation, we incubated C6 rat astrocytoma cells with LMW HA or OHA in three different cell densities as it was described to be different according to earlier studies [12] . Once reaching confluence, cell density was counted and seeded into separate wells of 96-well culture plates in three different cell densities, 40 × 10 3 , 10 × 10 3 and 4 × 10 3 cells/well. The cell proliferation was assessed using PrestoBlue Cell viability assay (Life Technologies Inc. PA USA). Prestoblue is a resazurin based solution that functions as a cell viability indicator using the reducing power of cells to quantitatively measure the proliferation of cells. It is a live cell assay thought to be more sensitive than metabolic or other bioluminescence-based end-point vital cell assays [30] . As compared to end-point assays, a live cell assay would be able to differentiate between active cell proliferation and inactive suspended but viable state of a cell. As described in subsequent sections, this is very important when cell growth is manipulated by different cell density and under the influence of certain external growth regulating agents. According to the manufacturer's method, 10 μl Prestoblue was directly added with fresh media into a confluent 96-well culture plate containing C6 astrocytoma cells (HA treated or control) and incubated for 1 h at 37°C. The optical density of each well was measured at two different wavelengths (570 nm and 600 nm) in a spectrophotometer (Biotek®). The value is normalized by subtracting A 600 from A 570 in the experimental wells and is called the Cell Viability Index (CVI).
Results
Patient Cohort
Three subjects who presented with bilateral acoustic schwannoma and/or had a history of craniospinal multiple schwannoma exclusively within the central nervous system (CNS) at the time of onset of clinical symptoms and during the initial clinical visit were included in the study (See Table 1 for details). These subjects were identified on routine screening of subjects for similar neuro-cutaneous tumors at the Amrita Phakomatoses Clinic during the study period of one year from September 2014 to September 2015. These subjects were also clinically confirmed to have NF-2 according to the NIH, Manchester as well as National Neurofibromatosis Foundation (NNFF) criteria [31] .
Performance Characteristics of CTA
The CTA reaction formed a turbid complex within five minutes of incubation of CTAB with two different forms of Details of the three subjects who were clinically identified to have neurofibromatosis type-2, according to empirical diagnostic criteria. The age of onset is the age at which they presented for the first time LMW HA, one with 140 kDa and another with 200 kDa. However, turbidity was not observed with OHA (5 kDa) even at a concentration of 1 mg/ml and after one hour of incubation at room temperature (Fig. 1a) . With LMW HA, we found that the assay is sensitive to detect up to 0.02 mg/ml (approx. 100 μM for 200 kDa HA), (Fig. 1b) . This is in the detection range as observed in previous CTA studies [25] . The detection limits and sensitivity of CTA in our studies were found to be similar to that of advanced methods such as size-exclusion column chromatography Multi-Angle Laser Light Scattering Detection method (SEC-MALLS) [32] .
Comparison of HA Levels in CSF
The concentration of HA in CSF of the study as well as control subjects using CTA is given in Table 2 . CSF of one subject with multiple spinal and peripheral schwannomas had a very high value of HA level, approximately 150 times than that of the mean values of the control. Apart from that, at least 17-fold increase in the mean values of HA levels was observed in study CSF compared to control (mean value of 1.395 ± 0.474 mg/ml in NF-2 CSF vs. 0.0815 ± 0.038 mg/ml in Normal CSF).
Secretion of HA by Cultured Human Schwannoma Cells Vs. C6 Astrocytoma Cells
Culturing of commercially available schwann cells required special growth inducers such as Forskolin/heregulin (as detailed in the discussion) and growth factors. Similarly, primary schwann cells culture also require specific growth factors and/ or growth inducers as these cells are extremely slow growing and time consuming. In our experiments, specific proliferative agents could not be added into the schwannoma tumor cell culture as that might not replicate the innate condition and confound the results. Instead, we used freshly isolated and cultured human schwannoma cells and did not use commercially available schwannoma cell lines or primary schwann cells to check the HA secretion. Human schwannoma cells exhibited steady but slow growth and took up to 6 weeks to attain 80% confluence with three changes of culture media, approximately 2 weeks' culture cycle per change. After 6 weeks, the cells showed signs of senescence, such as cytoplasmic granulations and reduced or erratic cellular extensions. Due to slow growth, a parallel cell-free culture media was also incubated during the same period to assess microbial contamination as microbial cells are also known to synthesize HA. The culture broth was sampled at the second and fourth week and assessed for HA levels (see Fig. 2a ). During the first fortnight, HA was found to be increased by about 50% of that of the cell-free media and during the second fortnight period (2nd to 4th week), the increase in HA concentration was twice that of cell-free media and of the 2nd week. The media was sterile during the entire period. The HA concentration of culture broth of C6 astrocytoma cells doubled every 72 h (Fig. 2b) . Compared to rapidly proliferative C6 rat astrocytoma cells (Fig. 2b) , the doubling time of HA concentration in the culture broth was found to be longer in slow growing primary human schwannoma cells (Fig. 2a) (72 h vs. 4 weeks). However, we show that concentration of HA in the culture broth of both the cell cultures at the end of the experiment was similar, irrespective of their distinct growth rate. This was suggestive of a consistent synthesis and secretion of HA by both the tumor cells during their proliferation and that the rate of synthesis and secretion of HA was dependent on the rate of cell proliferation in both these cell types. (Fig. 1a) shows the difference in absorbance of 200 kDa HA (rhomboid dots) compared to that of 5 kDa OHA (triangular dots). Right side graph (Fig. 1b) 
Effect of LMW HA and OHA in Cell Proliferation of C6 Rat Astrocytoma Cells
Because of the extremely slow growth rate in an isolated in vitro culture in a most innate condition, human primary schwannoma cells could not be tested for the effects of externally added HA. The cell proliferation of C6 astrocytoma cells was determined using CVI, a live cell assay. To differentiate actively proliferating cells and inactive suspended, but viable cells, the CVI assay had to be standardized against cells incubated with PBS, where the cells cannot survive. When the cells were incubated with only PBS, very low CVI was obtained, irrespective of the seeding cell-density (see comparative CVI in supplementary figures), showing the specificity of the live cell viability assay. When cultured at higher seed density (40 × 10 3 cells/well), cells were overcrowded limiting the nutrient resources and detached off the culture plate before 72-h incubation period, CVI was same as that of PBS. Thus, the CVI was lowest making it infeasible to ascertain the effect in different conditions (irrespective of the presence of HA) (see supplementary fig. S1 ). When cells were cultured at the lowest seed density (4 × 10 3 cells/well), the CVI values of negative control (PBS incubated set) were moderately high, with values almost similar to that of CM + OHA (Fig. S3) . This could be due to the survival ability of highly proliferative C6 astrocytoma cells in nutrient-free harsh conditions up to 72-h period in viable suspended state. Moreover, the presence of LMW HA/OHA might have mimicked those harsh nutrient-free conditions even in the presence of a complete media. When cells were seeded in two different cell densities and incubated with serum-free media, there was no significant change in cell proliferation with the addition of HA. This was because, the cells remained in a viable suspended state without active cell division in the serum free media, demonstrating that the effect of HA oligomers is specific to the conditions where the cells are actively dividing.
Out of the three different seed cell densities, wells containing lower cell densities showed significant difference in CVI upon incubation with HA (either LMW HA or OHA) for 72 h. The CVI was found to be significantly decreased by approximately 30% (p value <0.01, Student's t test) when OHA was incubated in lower cell densities (those wells seeded with 10 × 10 3 , 4 × 10 3 per well) (see Fig. 3 ).
Discussion
This is the first report of very high levels (approximately 17-fold) of HA in CSF of subjects with CNS schwannoma. CSF HA levels were assessed earlier in a broad group of patients who belonged to CNS inflammatory disorders, tumors and conditions of obstructions of CSF flow [33] , with none The mean values of the HA levels in CSF samples of NF2 vs. age-sex matched control subjects are compared. The starred value found in one subject had multiple spinal schwannomatosis at the time of CSF collection and repeated assay showed similar values. This value was not taken for calculation of mean and standard deviation and Methods' section. HA was assayed using CTA at complete confluence of 72 h. Of note, the mean concentration of HA in the culture broth at the end of experiments was 0.97 ± 0.075 mg/ml for schwannoma cultured plate and 0.72 ± 0.08 mg/ml for C6 astrocytoma cell cultured plates collected from central schwannoma cases. Furthermore, the HA levels in the normal CSF samples of our study (mean value of~82 mg/L) were over 1000-fold higher than that described in the previous study (mean value 50-70 μg/L). This may partly be due to the difference in sample preparation and assay method. A two-step process including an initial gel chromatographic purification of HA followed by radioimmunoassay in the previous study [34] may have resulted in the loss of a significant amount of HA in the initial step. The current method is a one-step assay that does not require a purification step and devoid of any intermediate molecule (such as an antibody for radioimmunoassay) for detection. The higher mean value of CSF HA in our study, thus, suggests that the current method might be more sensitive than radioimmunoassay [25] . In continuation to previous studies on the pathogenesis of schwannomas linked to the tumorigenic landscaping role of HA [16, 21] and deranged HA-CD44 interaction in NF-2 [8, 9, 35, 36] , we have identified for the first time that cultured primary human schwannoma cells from NF-2 secrete LMW HA commensurate to cell proliferation. Unlike schwannoma cell lines in previous studies showing higher affinity for HA [35] , we cultured cells from schwannoma tumor sections and identified an increased secretion of HA. Previous studies have shown that forskolin and β-heregulin (hereafter refer as For/ Her) have synergistic effect on activating cell proliferation via increasing cyclic AMP levels in the cells and mitogen activated kinase kinase (MEK) and extracellular signal regulated kinase (ERK) pathway, respectively, when primary schwann cells are cultured in serum free media [37] . But a recent study has shown that the inductive effect of ERK/MEK as well as phospho ERK/MEK was observed only in cultured primary schwann cells and immortalized schwannoma cell lines. The expression of these signals was very high in cultured primary schwannoma cells and had no change irrespective of the presence of For/Her in the culture media (depicted in Fig. 3 of reference [38] ). This shows that schwannoma cells obtained from fresh tumor tissues (which we adopted in the current experiment) would have high level of MEK/ERK activation innately, hence it was not required to add an inducing agent such as For/Her into the culture media.
Our primary intention of growing schwannoma cells in an in vitro culture environment was to explore whether isolated primary schwannoma cells can secrete HA, or not. HA, being a large extracellular anchor molecule for many matrix and functional proteins and polysaccharides, could be secreted by adjacent stromal supportive cells such as fibroblast cells, tumor infiltrating immunocytes etc. as a general tissue reactionary effect. Also, apart from the identification of an optimal condition for schwannoma cell proliferation, the purpose of culturing schwannoma cells in vitro was to analyze their selfpropagation potential via secreted HA, under normal physiological conditions. Moreover, we were better able to identify the difference in the rate of HA secretion between benign schwannoma cells vs. malignant astrocytoma cells (doubling time of 2 weeks vs. 72 h) without the presence of active cell proliferator agents such as For/Her or other growth factors. Perhaps, this might also explain a potentially critical role of other stromal cells in perpetuating the cell proliferation. In order to explore the direct anti-proliferative effect of OHA or any other inhibitory agents in schwannoma, it should be done in a mixed-cell culture system. With the innate condition, our data demonstrate for the first time that human schwannoma cells secrete LMW HA. The implications of a large elevation in CSF HA in NF-2 in this context suggest an important role played by HA in the central schwannoma tumorigenesis, irrespective of whether it is cause or effect. The exact mechanism needs to be evaluated further in primary human schwannoma cells, and other central tumor cell types, such a meningioma, and ependymoma cells.
Several methods of inhibition of endogenous HA-CD44 interaction have been previously reported. In the context of the tumor suppressive effect of NF2/Merlin protein, it was identified that the inhibitors of HA-CD44 binding (either HA or soluble CD44) can significantly reduce the cell proliferation in Merlin deficient (NF2 −/− ) rat schwannoma cell lines [12] . Perturbation of HA-CD44 interaction was suggested in other studies as well [39] and has been identified as a potential target for cancer therapy [23] . It has also been found that the tumor suppressor action of Merlin is to counter the cell proliferative trigger by HA-CD44 interaction [40] . Furthermore, medium molecular weight HA MMW HA (molecular weight > 800-1000 kDa) was found to have a dominant role in fibrocyte growth than LMW HA (< 250-500 kDa) [41] . Cancer cells, especially glioma cells, are found to secrete predominantly MMW HA [16, 29] . However, previous studies showed that the proliferative effect of endogenous MMW HA could not be enhanced by externally supplied MMW HA, though it can be suppressed by externally added OHA [29] . Replacing multivalent endogenous HA with monovalent low affinity oligosaccharides has been shown earlier in TA3/St murine mammary carcinoma and HCT 116 human colon carcinoma cells [39] . Although one previous study had shown the inhibitory effect of OHA in soft-agar colony formation of C6 astrocytoma cells using a tetrazolium dye (MTT) based endpoint cell viability assays, it was not demonstrated in monolayer cultures [29] . In the current study, we exhibited this effect with a live cell proliferation assay on a monolayer culture using Prestoblue based method, which was more sensitive than the end-point cell viability assays. This is the first study that demonstrates the inhibitory effect of OHA and LMW HA in the proliferation of C6 astrocytoma cells in monolayer cultures.
We analyzed the effect of HA in three different cell densities as earlier studies have shown that different seed densities in cell culture would determine the proliferative effect of HA in the absence of a functional Merlin protein [12] . One of the implications of this study is that, with higher cell density (10 × 10 3 /well), the effect of OHA was lesser compared to lower cell density (4 × 10 3 /well). Perhaps this shows that the effect of OHA might be lower in malignant tumors with rapid cell proliferation and high cell density than in benign tumors, such as schwannomas, where the cell proliferation and cell density might only be moderate. Specific inhibitors of HA-CD44 interaction, such as OHA, may thus be better suited for low cell density tumors such as schwannoma and meningioma rather than glioma. Confirmation of this finding might involve incubating different HA with cultured primary schwannoma cells at different cell densities or in animal models of multiple tumor types. From a clinical point of view, this finding of significant elevation of CSF HA combined with the observation that most NF-2 tumors develop in relation to CSF space, specific inhibitors (OHA or other agents such as HA binding agents) can be tested via intrathecal delivery for its therapeutic potential in dampening disease progression.
Conclusion
Significant increase in CSF HA levels in NF-2 subjects suggest that ECM HA might be a prominent proliferative trigger for the tumorigenesis of NF-2 tumors; further comparative studies on human CSF samples from different CNS conditions are required to explore whether its potential as a novel marker for recurrence of NF-2 related tumors. Schwannoma cells secrete HA commensurate to its slow growth. The role of HA in schwannoma cell proliferation and the inhibitory effect of OHA are dependent upon the cell density and growth of the cells. Further studies to explore the possibilities of an extracellular inhibitory molecule based on the action of HA in schwannoma cells and other cell types of NF-2 are warranted.
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